1. Introduction {#sec1-nanomaterials-10-00397}
===============

Silver nanofluid can be used to print electronic tracks three-dimensionally (3D). Silver nanoparticles are mixed with the base liquid to produce the high concentration silver nanofluid. Generally, the silver nanofluid is mixed with surfactant to prevent agglomeration and deposition of nanoparticles. The uniform distribution of silver nanoparticles inside the base liquid plays a significant role on homogeneity of printed tracks. The quality and resolution of 3D printed tracks depend on nanoparticle movement in the triple region during the drying process. Therefore, it is necessary to understand the mechanisms of possible nanoparticle movement inside the nanofluid.

Marangoni flow is a possible reason for flow motion and consequently nanoparticle movement inside the nanofluid. The Marangoni effect can be caused by a surface tension gradient which may be related to temperature variation \[[@B1-nanomaterials-10-00397]\] along the free liquid surface (thermal effect). As a result of a surface tension gradient, the liquid moves at the liquid--gas interface, from a lower surface tension point to a higher surface tension point. Marangoni flow during water droplet evaporation has been observed by using fluorescent nanoparticles. The non-uniform evaporation of liquid \[[@B1-nanomaterials-10-00397]\] has been reported to cause a temperature gradient, and consequently a surface tension gradient along the liquid--gas interface which drives the flow inside the liquid. When the evaporation rate is relatively significant, the high latent heat of liquid \[[@B2-nanomaterials-10-00397]\] can be a reason for a temperature gradient \[[@B3-nanomaterials-10-00397]\] at the liquid--gas interface in the vicinity of the triple line. A temperature gradient at the liquid--gas interface might be produced because of the long conduction distance between the triple line and apex \[[@B2-nanomaterials-10-00397],[@B4-nanomaterials-10-00397]\] which can generate a surface tension gradient. The temperature variation along the liquid--gas interface might not always be monotonic, and there is a possibility for a stagnation point for a temperature and surface tension gradient \[[@B1-nanomaterials-10-00397]\]. It was also expressed that Marangoni flow can be suppressed by adding surfactant into the base liquid or by being contaminated with surfactant on the substrate \[[@B5-nanomaterials-10-00397]\]. Introducing surfactant into the base liquid has the potential to reduce a surface tension and consequently suppress a surface tension gradient. However, the suppression level of Marangoni flow depends on physical properties of solid, gas, and liquid. The enhancement of Marangoni flow has been reported while the nanofluid droplet was dried in an ethanol vapor environment. Marangoni flow during the drying period in ethanol vapor environments allowed a significant inward flow of particles from the triple region, and consequently enhanced the uniform nanoparticle deposition across the substrate \[[@B6-nanomaterials-10-00397]\] and reversed the ring deposition of nanoparticles at the triple region. During the evaporation of a coffee droplet on substrate, it was observed that dispersed solids migrated toward the triple line, forming a solid ring which is called a ring phenomenon. The strong liquid evaporation in the triple region drowned the liquid from the interior as a result of the capillary flow, which resulted in an outward capillary flow that carried dispersed particles to the edge of the triple line and formed a ring pattern at the vicinity of the triple line. It has also been observed that the shape and thickness of the deposited nanoparticles (ring deposition) may be controlled by the evaporation rate \[[@B4-nanomaterials-10-00397],[@B7-nanomaterials-10-00397]\]. It has been shown that particle density and relative humidity influence the interfacial entrapment and cross-sectional distribution of nanoparticles \[[@B8-nanomaterials-10-00397]\]. On the contrary, it was observed that Marangoni flow reversed the ring deposition and spread the nanoparticles more into the nanofluid bulk \[[@B2-nanomaterials-10-00397]\] which is able to prevent the ring deposition of nanoparticles. In general, Marangoni flow has a great potential to form and control the pattern and uniformity of deposited nanoparticles on the substrate at the vicinity of the triple line. The final pattern of deposited nanoparticles depends on competition between outward capillary flow \[[@B4-nanomaterials-10-00397],[@B9-nanomaterials-10-00397]\] and Marangoni flow, which determines the shape of deposited nanoparticles to be either ring pattern, uniform, or homogeneous bumps \[[@B9-nanomaterials-10-00397]\]. For instance, the fingering pattern was observed to be inside bi-dispersed colloid droplets (the mixture of nanometer and micrometer particles) during the evaporation while inward Marangoni flow was overwhelmed by an outward capillary flow. In the first step, the smaller and bigger particles respectively deposited in outer and inner rings. Then, the finger pattern was formed, and the inner ring width was increased by an outward capillary flow \[[@B10-nanomaterials-10-00397]\]. This sort of circulatory fluid flow inside a drying droplet has the potential to separate the particles with different sizes \[[@B11-nanomaterials-10-00397]\]. The outward capillary and Marangoni flow inside a droplet in the drying period can be seen in [Figure 1](#nanomaterials-10-00397-f001){ref-type="fig"}. Many phenomena can be affected by Marangoni flow such as melting \[[@B12-nanomaterials-10-00397]\], fluid dynamics, and heat transfer around a bubble \[[@B13-nanomaterials-10-00397],[@B14-nanomaterials-10-00397],[@B15-nanomaterials-10-00397],[@B16-nanomaterials-10-00397],[@B17-nanomaterials-10-00397]\].

The circulatory fluid flow inside a drying nanofluid droplet might be triggered by sequential pinning and de-pinning cycles of the triple line, which can be controlled by nanoparticle concentration and surface tension of nanofluid \[[@B11-nanomaterials-10-00397]\]. De-pinning of the triple line might be related to the enhancement of a solid--gas surface tension due to the nanoparticle deposition by time. After de-pinning, the triple line recedes until it reaches another equilibrium position. The movement and displacement of the triple line mainly depends on the force balance at the triple line between liquid--gas, *σ~lg~* solid--gas, *σ~sg~* and solid--liquid, *σ~sl~*, and surface tensions \[[@B18-nanomaterials-10-00397]\].

The concentration and characterization of nanoparticles have a great potential to change the liquid--gas surface tension, \[[@B6-nanomaterials-10-00397],[@B19-nanomaterials-10-00397]\] and solid surface tensions, *σ~sg~* − *σ~sl~* of nanofluids \[[@B18-nanomaterials-10-00397],[@B20-nanomaterials-10-00397]\]. The liquid--gas surface tension of bismuth telluride nanofluids (2.5 nm, 10.4 nm) has been reported to be decreased with a concentration of nanoparticles. As the nanofluid concentration increased, the liquid--gas surface tension increased. A similar trend has also been reported for a solid surface tension \[[@B18-nanomaterials-10-00397],[@B20-nanomaterials-10-00397]\]. A reduction of more than 50% of the liquid--gas surface tension has been observed for bismuth telluride nanoparticle (2.5 nm) suspension. More nanoparticles were driven to the liquid--gas interface region as concentration of bismuth telluride nanofluid increased \[[@B19-nanomaterials-10-00397]\]. The nanoparticles were bounded at the interface \[[@B21-nanomaterials-10-00397]\]. In contrast, the effects of nanoparticles on the liquid--gas surface tension of aluminum--ethanol \[[@B22-nanomaterials-10-00397]\] and alumina--water \[[@B23-nanomaterials-10-00397]\] nanofluids have been reported to be weak. Generally, the characteristics and concentration of nanoparticles, base liquid materials, and concentration of possible surfactants have significant effects on liquid--gas and solid surface tensions \[[@B18-nanomaterials-10-00397],[@B20-nanomaterials-10-00397]\].

In general, the nanoparticle motion was observed in nanofluid with low concentrations because of Marangoni flow. Marangoni flow can be generated because of variation of the liquid--gas surface tension from one point to another, as a result of a temperature gradient which can be caused by liquid evaporation at the triple line (thermal effect). In this research, the nanoparticle motion was investigated (a) when evaporation of the base liquid was negligible, and (b) when the base liquid was water and evaporation of the base liquid was not negligible. The purpose of this study is to demonstrate the nanoparticle movement and explain the possible mechanisms of nanoparticle movement inside the nanofluid.

2. Experimental Setup {#sec2-nanomaterials-10-00397}
=====================

Silver nanoparticles (30--40 nm) were mixed with triethylene glycol monoethyl ether (TGME) to create silver nanofluids with 38.853 w%. Transmission electron microscopy (TEM) image of silver nanoparticles can be seen in [Figure 2](#nanomaterials-10-00397-f002){ref-type="fig"}.

FluoSpheres, carboxylate-modified microspheres, 100 nm, and yellow--green fluorescent were mixed with silver nanofluid to study the nanoparticle movement inside the silver nanofluid. The movement of fluorescent nanoparticles was tracked inside silver nanofluid by using a Delta Vision Elite inverted optical microscope. The weight ratio of fluorescent nanoparticles inside the silver nanofluid was 1.0308 × 10^−5^. Image processing was performed on a Delta Vision Elite inverted optical microscope (Applied Precision), built around a stand (IX71; Olympus) equipped with a 100X 1.4 NA objective lens, Sedat QUAD (Chroma) Polychroic and an EMCCD camera (Photometrics). The fluorescent sample was excited by 520--565 nm light from a solid-state light source (Lumencore). Emitted light was collected through a 594/45 band-pass filter. Optical sections (4--5), 0.1 µm apart were scanned and recorded every 50 milliseconds. To track the maximum number of nanoparticles, the thickness and number of optical sections were optimized. A Volocity software was used to track fluorescent nanoparticles inside the silver nanofluid three-dimensionally. To validate the nanoparticle tracking by a Delta Vision Elite inverted optical microscope, similar tracking was conducted during the evaporation of a water nanofluid droplet (the mixture of fluorescent nanoparticles and water).

3. Results and Discussion {#sec3-nanomaterials-10-00397}
=========================

The layering phenomenon of silver nanofluid at the triple region was investigated, using an Environmental Scanning Electron Microscope (ESEM) by the author \[[@B24-nanomaterials-10-00397]\]. During the experiment, it was observed that nanoparticles were moving at the end of the triple region where there was a tiny layer of nanoparticles on substrate. This observation initiated further investigations of nanoparticle movement inside the silver nanofluid. The movement of silver nanoparticles inside the nanofluid was investigated, using an optical microscope equipped with 100X lens. To investigate the nanoparticle movement, silver nanofluids were mixed with nanoparticles, coated with fluorescent materials. The movement of nanoparticles was observed to be very complicated and complex. The strength of Marangoni effect and concentration of the silver nanofluid have key roles on complexity of nanoparticle movement. The possibility of collusions and redirections of particles increases with a concentration of nanoparticles, and the possibility of redirection of nanoparticles due to collusions increases with reduction of Marangoni effect. Practically, only a strong Marangoni effect can produce a circulatory fluid flow as shown in [Figure 1](#nanomaterials-10-00397-f001){ref-type="fig"}a. [Figure 3](#nanomaterials-10-00397-f003){ref-type="fig"} shows the typical tracking of fluorescent nanoparticles inside the silver nanofluid. It was observed that (a) nanoparticles moved from the triple line toward bulk (outward fluid flow), (b) nanoparticles moved from bulk toward the triple line (inward fluid flow), and (c) nanoparticles moved from the triple line toward bulk and back to the triple line (circling fluid flow).

Evaporation of the silver nanofluid in ambient temperature is negligible, since the boiling temperature of the base liquid (triethylene glycol monoethyl ether) is about 255 °C, so the temperature gradient caused by nanofluid evaporation at the vicinity of the triple line may not be a reason for nanoparticle movement. The Brownian effect may also not be a reason due to directional movement of nanoparticles. It was found that surfactant was separated from the base liquid on the solid surface at the vicinity of the triple line in the triple region, because of different affinities of the base liquid and surfactant for solid substrate which was generated from a liquid--gas surface tension gradient in and out of the triple region. As a result of a liquid--gas surface tension gradient, the base liquid moved from a low surface tension point toward a high surface tension point and created a movement inside the nanofluid. [Figure 4](#nanomaterials-10-00397-f004){ref-type="fig"} shows the separation of surfactant from the base liquid at the vicinity of the triple line on the glass substrate. The surfactant was separated from the base liquid, because of a higher affinity of surfactant for glass. It was found that concentration of surfactant has significant effects on the liquid--gas surface tension \[[@B25-nanomaterials-10-00397]\].

Similarly, evaporation of a drop of gold--water nanofluid was observed by a microscope equipped with a 100X lens. A Volocity software was used to track the gold nanoparticles inside nanofluid. Gold nanoparticles were 5 nm and spherical. The gold nanoparticles were tracked at the vicinity of the triple line two-dimensionally (2D). It was observed that some nanoparticles moved toward the liquid bulk, some toward the triple line, and some toward the bulk and then returned toward the triple line. [Figure 5](#nanomaterials-10-00397-f005){ref-type="fig"}; [Figure 6](#nanomaterials-10-00397-f006){ref-type="fig"} show the pattern of nanoparticle movement and the velocity of nanoparticle movement, respectively. Nanoparticles were circling in case (A) and moving outward in case of (B). Average velocity was 260 μm/s in case (A) and 199 μm/s in case (B).

[Figure 7](#nanomaterials-10-00397-f007){ref-type="fig"} shows the ring phenomenon during the evaporation process of a nanofluid droplet on glass substrate. The nanofluid was a mixture of water and fluorescent nanoparticles. The strong liquid evaporation in the triple region drowned the liquid from interior as a result of a capillary flow, which resulted in an outward capillary flow that carried dispersed particles to the edge of the triple line and formed a ring pattern at the vicinity of the triple line. Tracking of coated nanoparticles was examined and validated by observing nanoparticle movement during the evaporation of mixture of water and fluorescent nanoparticles, using a Delta Vision Elite inverted optical microscope. The movement of nanoparticles and the formation of the ring pattern at the vicinity of the triple line during the evaporation are a well-known phenomenon reported by several researchers \[[@B4-nanomaterials-10-00397],[@B7-nanomaterials-10-00397]\]. Interestingly, the ring phenomenon was not observed in case of silver nanofluid on a glass substrate, which might be related to nanoparticle movement as a result of Marangoni flow inside silver nanofluid.

4. Conclusions {#sec4-nanomaterials-10-00397}
==============

The motion of nanoparticles inside the silver nanofluid was investigated using an optical microscope equipped with a 100X lens. The nanoparticle movement was observed inside the silver nanofluid at the vicinity of the triple line because of a surface tension gradient in and out of the triple region. As a result of the different affinity of the base liquid and surfactant for the solid substrate, the surfactant was separated from the base liquid at the vicinity of the triple line which generated a surface tension gradient in and out of the triple region. The surface tension gradient at the vicinity of triple line generated a Marangoni flow, and consequently nanoparticle movement inside the silver nanofluid at the vicinity of the triple line. Marangoni flow was observed to be strong enough to make the nanoparticle collusion, but also weak enough not to produce a complete circulatory fluid flow. Practically, directional nanoparticle collusions were observed as a result of a weak Marangoni flow in high concentrated silver nanofluid (see [Figure 3](#nanomaterials-10-00397-f003){ref-type="fig"}).

In addition, movement of nanoparticles was observed during the evaporation of gold--water nanofluid droplet on the similar glass, two-dimensionally (2D). Three kinds of nanoparticle movements were observed at the vicinity of the triple line such as circling and inward and outward flows. The nanoparticle motion was because of Marangoni flow which was generated as a result of thermal effect.

Similarly, movement of nanoparticles was observed during the evaporation of silver nanofluid droplet. Drying the mixture of fluorescent nanoparticles with silver nanofluid was compared with that of water. The ring phenomenon was not observed in case of drying the mixture of fluorescent nanoparticles and silver nanofluid because of nanoparticle movement. On the contrary, a solid ring pattern was observed while the mixture of water and fluorescent nanoparticles was dried on the same glass substrate.

Marangoni flow has a great potential to form and control the pattern and uniformity of deposited nanoparticles on the substrate at the vicinity of the triple line. The final pattern of deposited nanoparticles depends on competition between outward capillary flow and Marangoni flow.
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![Schematic of (**a**) outward capillary flow during the drying process, and (**b**) Marangoni flow (circulatory fluid flow) inside a droplet.](nanomaterials-10-00397-g001){#nanomaterials-10-00397-f001}

![Transmission electron microscopy (TEM) image of silver nanoparticles.](nanomaterials-10-00397-g002){#nanomaterials-10-00397-f002}

![Two- (2D) and three-dimensional (3D) tracking of nanoparticles inside silver nanofluids. Dimensions of *x*, *y*, and *z* are in micrometer.](nanomaterials-10-00397-g003){#nanomaterials-10-00397-f003}

![Separation of surfactant from the base liquid at the vicinity of the silver nanofluid triple line was observed on a glass substrate by microscope.](nanomaterials-10-00397-g004){#nanomaterials-10-00397-f004}

![Typical 2D pattern of nanoparticle movement. Nanoparticles were circling (**A**) and moving outward (**B**).](nanomaterials-10-00397-g005){#nanomaterials-10-00397-f005}

![Variation in velocity of nanoparticles as a function of time. Nanoparticles were circling (**A**) and moving outward (**B**).](nanomaterials-10-00397-g006){#nanomaterials-10-00397-f006}

![Ring phenomenon caused by evaporation of mixture of water and fluorescent nanoparticles on glass substrate.](nanomaterials-10-00397-g007){#nanomaterials-10-00397-f007}
